promoter and containing a kanamycin resistance cassette, as reported previously (22) . 173 DNA sequence analysis of each insert was performed by GATC Biotech (Germany). Expression and purification of recombinant LipY or LipY(ΔPE) were performed as 175 previously reported (37) with some minor modifications. Briefly, M. smegmatis mc 2 155 176 groEL1ΔC strains carrying pSD26-lipY and pSD26-lipY(ΔPE), were used to inoculate 10 177 mL of 7H9 medium containing 50 μg/mL hygromycin. After three days of incubation at 178 37°C with shaking, 10 mL of the preparation were used to inoculate 400 mL of culture 179 medium for a large-scale production. Cultures were grown at 37°C with shaking (220 rpm) 180 until an OD600nm value between 2.5 and 3 was reached. Expression of recombinant 181 proteins was induced by adding acetamide to a final concentration of 0.2% (w/v) for 16 h. 182 Bacteria were harvested, resuspended in ice-cold buffer A (10 mM Tris/HCl pH 8.0, 183 150 mM NaCl) (30 mL) containing 1% N-lauroylsarcosine and lysed using a French Press 184 set 1100 psi. After centrifugation, the supernatant (S1) was recovered while the resulting 185 pellet was resuspended in buffer A (30 mL) and sonicated twice for 30 s with 30 s breaks 186 between each cycle and stirred overnight at 4°C. After centrifugation, the new 187 supernatant (S2) was pooled with S1 supernatant and the mixture was loaded onto a Ni 2+ -188 NTA resin equilibrated with buffer A. The column was subsequently washed with buffer A 189 without detergent prior to elution with increasing concentrations of imidazole. The eluted 190 fractions were analysed by performing 12% SDS-PAGE as described previously (38) . 191 Fractions containing pure proteins were pooled, dialysed overnight against buffer A and 192 concentrated by ultrafiltration to a final concentration of 0.6 mg/mL and stored at -80°C. diolein (DC18), tributyrin (TC4) and trioctanoin (TC8) were monitored titrimetrically for at 200 least 5 min at 37°C using a pH-stat (Metrohm 718 STAT Titrino; Metrohm Ltd., Herisau, 201 Switzerland). Assays were performed in 2.5 mM Tris-HCl buffer (pH 7.5) containing 300 202 mM NaCl and 3 mM NaTDC (23, 39) . Free fatty acids released were automatically titrated 203 with 0.1 M NaOH to maintain a fixed end-point pH value of 7.5. The specific activity of 204 both enzymes was expressed in units per mg of pure enzyme. One unit corresponds to 205 the release of 1 µmole of fatty acid per minute. The lipase activity was measured at 37°C in 10 mM Tris-HCl buffer (pH 7.5) containing 211 150 mM NaCl, 6 mM CaCl2, 1 mM EDTA, 0.001% (w/v) 3,5-di-tert-4-butylhydroxytoluene 212 (BHT) and 3 mg/mL β-Cyclodextrine (β-CD). The formation of the β-CD/free punicic acid 213 complex was continuously monitored at 275 nm for 60 min.
215
In silico Protein Modeling. Three-dimensional structural models of LipY and LipY(ΔPE) 216 proteins were generated with the automatic protein structure homology modeling server 217 using the I-Tasser software program (41, 42 culture medium was DMEM with high glucose (1 g liter -1 ) and high carbonate (3.7 g liter -227 1 ) concentrations supplemented with 10% heat-inactivated FBS, 10% L-cell conditioned 228 medium (a source of colony-stimulating factor 1, CSF-1), and 2 mM L-glutamine. Five 229 days after seeding, the adherent cells were washed twice with DMEM and refed with 230 complete medium. Medium was then renewed on day 6. No antibiotics were added. On 231 day 7, the cells were infected for 4 h at 37°C with wild type or different recombinant M. 232 bovis BCG strains at a multiplicity of infection (MOI) of 5 for EM studies, washed in 4 233 changes of ice-cold PBS to eliminate non-ingested bacteria, and further incubated in 234 complete medium devoid of antibiotics. For long-term cultures, the medium was changed 235 twice a week.
237
Treatment with VLDL and chase after treatment. After active replication of M. bovis 238 BCG for 6 days, infected macrophages were exposed to Very Low Density Lipoprotein 239 (VLDL), for 24 h. The volume of VLDL was adjusted so as to expose cells (1 x 10 6 per 240 dish) to 180 µg TAG per mL of medium. In some instances, infected cells were exposed 241 to VLDL simultaneously with either tetrahydrolipstatin (THL also named Orlistat, 60 µg/mL 242 in ethanol) or MmPPOX (15 µg/mL in ethanol) for 24 h (23). Cells were also exposed to 243 VLDL for 24 h, washed and incubated in a VLDL-free fresh medium with or without THL 244 or MmPPOX for 24 h. 
275
In the present work, we applied the above procedure to cells infected with wild-276 type M. bovis BCG. As described in our previous study (7), endocytosis of VLDL and 277 transfer to lysosomes was not affected by THL but TAG and derivatives in VLDL were not 278 degraded as usual. These lipids were easily recognized by their electron-transparency 279 and were seen to fill the entire lumen of most lysosomes, leaving only small spaces with 280 the usual electron-dense lysosomal contents ( Fig. 1A) . This was not observed when 281 infected cells were exposed to VLDL only, in which case lysosomes keep their normal 282 electron-dense appearance (Fig. 1B) . In the presence of THL, very few, if any, LB were when LB were formed in the presence of VLDL only ( Fig 1D) . A quantitative evaluation 288 ( Fig. 1G ) showed that the amount of ILI +3 and ILI +2 profiles remained low, less than 1% 289 14 and 23% ±1.1, respectively, in presence of THL vs 25% ± 7.4 and 45% ± 2, respectively, 290 in the absence of this lipase inhibitor. Consequently, the amount of ILI (+1/-) profiles was 291 2.5 fold higher in presence of THL (with: 78% ± 9.6; without: 31% ± 0.5).
292
These results suggest that mycobacterial lipases were unable to process TAG in 293 the VLDL core directly and that VLDL-derived TAG first had to be processed by lysosomal 294 lipases in order to hydrolyze TAG into diacylglycerides (DAG) and monoacylglycerides 295 (MAG) and FFA for subsequent re-processing into TAG and accumulation in LB. Because 296 no LB were formed, it was not possible to gain information on the role of mycobacterial 297 lipases on host TAG hydrolysis. However, THL has also been reported as a non-specific 298 inhibitor of a wide range of serine-hydrolases from both mammals and bacterial species 299 (13, 19, 48, 49) and, therefore one cannot exclude that mycobacterial enzymes are also 300 inhibited by THL, thereby impacting ILI formation. 301 We then resorted to the oxadiazolone inhibitor, MmPPOX, known to inhibit a 302 variety of mycobacterial serine-hydrolases including those of the hormone-sensitive 303 lipase (HSL) family (50), and more specifically LipY (18, 23) . After exposure of M. bovis 304 BCG-infected cells to VLDL in the presence of MmPPOX, host lysosomes were not 305 affected in the same way as during THL treatment. Here, most lysosomes retained their 306 usual electron-dense appearance. Less than 25% of the lysosomes contained small lipid 307 droplets ( Fig. 1E ) and only 10% were filled with TAG and derivatives as in the case of 308 macrophages exposed to VLDL with THL. Notably, with MmPPOX the relative number of 309 LB per cell was 6 to 7 times higher than with a THL treatment (Supplemental Material, 310 Fig. S1), with an average value of 2.1 LB per cell (thus leading to a 3.5-fold reduction in 311 LB content, in comparison with an untreated sample). These data suggest that host 312 lysosomal lipases were poorly affected by MmPPOX. As a result, VLDL-derived TAG 313 could be broken down into di-and mono-glycerides and fatty acids for re-processing into 314 TAG and accumulation in LB.
315
Strikingly, during MmPPOX treatment mycobacterial profiles with large ILI were 316 not observed as demonstrated (Fig. 1F) . A quantitative evaluation of mycobacterial 317 profiles containing the different categories of ILI showed that those with large (ILI +3 ) and 318 medium-sized (ILI +2 ) ILI reached less than 5% and 20%, respectively, of the amount 319 generated by cell exposure to VLDL in absence of MmPPOX (Fig. 1G ). These data 320 suggest that the cell-surface exposed mycobacterial lipases involved in hydrolysis of host 321 TAG delivered to wild-type M. bovis BCG-containing phagosomes are involved in ILI 322 formation and that MmPPOX appears to inhibit the mycobacterial lipases more efficiently 323 than THL. By comparing the LB/ILI relative ratio from the two treated samples, a clear 324 difference in the effects of the two inhibitors was observed where LB/ILI +3 and LB/ILI +2 325 ratios were 9.8 and 12.4 times higher, respectively, in MmPPOX than in THL treated 326 samples (Supplemental Material, Fig. S1 ).
327
Altogether, these data further support that in our system, VLDL has to be 328 processed by host lipases in order to newly synthesize host LB, and that these neutral 329 lipid-rich organelles have to be delivered within mycobacteria-containing phagosomes for 330 subsequent hydrolysis into free fatty acids, which will allow ILI formation. However, these 331 experiments do not allow to identify specific mycobacterial lipase(s) involved in this 332 process, although the LipY form associated with the mycobacterial surface remains the 333 most likely candidate. demonstrated that the PE domain of LipY is essential for secretion by 25, 26) .
341
It is not known, however, whether this secretion also requires additional partners such as The specific activity of rLipY and rLipY(ΔPE) was determined using a range of lipid 362 substrates differing in their chain lengths and by combining titrimetric and 363 spectrophotometric techniques. Regardless of the lipid substrates used, rLipY(ΔPE) 364 exhibited higher specific activities (1.2 to 2.5 times depending on the substrate) than rLipY 365 (Table 1) . Both proteins were preferentially active on short-chain emulsified MAG and 366 TAG, i.e., monobutyrin (61.0 ± 2.0 and 92.0 ± 5.0 U/mg, respectively) and tributyrin (129.0 367 ± 6.0 and 267.0 ± 24.0 U/mg, respectively) and displayed the same chain length 368 specificity since their respective specific activities decreased gradually as the substrate 369 chain length increased (Table 1) . These results unambiguously show that the lipase 370 activity of LipY is significantly enhanced in the absence of its PE domain, consistent with 371 previous findings (22). Moreover, LipY has a nonspecific lipase activity able to hydrolyse 372 DAG and MAG as well as TAG. Therefore, LipY has the potential to degrade total host 373 TAG converting them into glycerol and free fatty acids, products that can subsequently 374 be directly absorbed by the bacteria.
375
The N-terminus contains 4 α-helices (α1 to α4), all lacking in LipY(ΔPE) (Fig. 2B ). infected with various M. bovis BCG strains for 6 days, before being exposed to VLDL for 395 24 h to induce FM formation (7). The strains used in this experiment were the wild-type 396 BCG strain (WT), which is characterized by the native expression of LipY and was used 397 as reference, and three other recombinant BCG strains harboring distinct pMV261- (22). Cells were then fixed and processed for EM and profiles of 401 intracellular mycobacteria were examined for the presence and extent of ILI formation in 402 both VLDL-treated and untreated macrophages. As before (7), intracellular mycobacteria 403 were divided into 4 categories according to their ILI size (Figs. 3, A-D) . ILIprofiles with 404 no ILI (Fig. 3A) , ILI +1 for profiles displaying a few small ILI 0.1 µm in width at most (Fig. 405 3B), ILI +2 for profiles displaying several ILI approximately 0.2 to 0.3 µm in width (Fig. 3C) , 406 and ILI +3 for profiles displaying several ILI approximately 0.4 to 0.5 µm in width and 407 occupying most of the mycobacterial cytoplasm (Fig. 3D) . The relative abundance of each 408 type of ILI profile was scored on approximately 200 different mycobacterial profiles per 409 sample (Fig. 3E ). As expected, in the absence of exposure to VLDL, 95% of the M. bovis 410 BCG profiles were ILI (+1/-) , regardless of the strain (data not shown). In contrast, after a 24 411 h exposure to VLDL, ILI +2 and ILI +3 were predominantly present among the different M. 412 bovis BCG strains (Fig. 3E ) as already found with M. avium (7) . Further examination of 413 the quantitative data showed that both the WT and the LipY-overexpressing strain 414 displayed similar amounts of ILI profiles of each category with ILI +3 : 27% ± 4.8 and 25% 415 ± 4.1; ILI +2 : 43% ± 3 and 40% ± 4.1; ILI (+1/-) : 29% ± 3.9 and 35% ± 6.8, respectively.
416
Likewise, and as expected, the relative abundance of the 4 types of ILI profiles in the 417 strain over-expressing the catalytically-inactive form LipY(∆PE) S309A was similar to the 418 ones scored in the WT strain and the strain overexpressing LipY (Fig. 3E) . In sharp 419 contrast with these strains, overexpression of LipY(∆PE) resulted in a substantial drop in 420 the percentage of ILI +3 (15% ± 4.4 vs. 27% ± 4.8) and a concomitant increase in ILI (+1/-) 421 profiles (50% ± 7.5 vs. 29% ± 3.9), as compared to the WT strain. Determination of the 422 ILI 3+ /ILI +1/ratio profiles showed that overexpression of LipY(∆PE) triggers important 423 changes in the intracellular pool of ILI in comparison with the full-length LipY or the 424 inactive form LipY(∆PE) S309A (Fig. 3E ). These data are fully consistent with the increased 425 in vitro activity of rLipY(∆PE) over rLipY (Table 1) . the fact that the genome of M. tuberculosis encodes for at least 24 putative lipases (19, 431 20, 23, 32, 52) . To test this hypothesis, macrophages were infected with a lipY-deleted 432 M. bovis BCG mutant before being exposed to VLDL for 24 h. The cells were then fixed 433 and processed for EM and profiles of intracellular mycobacteria were examined for the 434 presence and extent of ILI formation in both the WT and mutant strains. The profiles of 435 the mutant clearly displayed smaller ILI than those of the WT strain ( Fig. 4A vs 4C) . The 436 relative abundance of each category of ILI was then scored on approximately 150 437 different mycobacterial profiles per sample (Fig. 4E) . Although all categories of ILI were 438 20 found in the profiles of the lipY mutant, the percentage of ILI +3 profiles was reduced by 439 approximately 50% (16% ± 5.8 vs. 35% ± 2.9) with a concomitant increase in the 440 percentage of ILI +1/-(46% ± 10.9 vs. 27% ± 5.5 ) with respect to the WT strain. Functional for six days, before being exposed to VLDL for 24 h. Analysis of the ILI profile indicates 450 that complementation restores the WT phenotype, characterized by 39% ± 5.3 and 23% 451 ± 4.2 for ILI 3+ and ILI +1/-, respectively ( Fig. 4B and 4E) . Likewise, the ILI 3+ /ILI +1/ratio was and ILI in mycobacteria, we had previously investigated whether the formation of large 463 21 ILI (ILI +3 ) could be reversed by removal of VLDL (7). After exposure of infected 464 macrophages to VLDL for 24 h, the infected cells had been washed and re-incubated in 465 fresh medium without lipoprotein. Within 24 h after removal of VLDL, infected cells had 466 lost their LB and ILI +3 were no longer visible in the mycobacterial profiles (7), thus 467 demonstrating the direct link between the presence/absence of LB and ILI 468 formation/consumption. The same method applied to M. bovis BCG-infected cells and the 469 present work yielded comparable results (Fig. 5D ).
470
To determine whether mycobacterial lipases were involved in ILI consumption, we 471 applied the same chase strategy, but in the absence or presence of lipase inhibitors. After 472 exposure of WT M. bovis BCG-infected cells to VLDL for 24 h to allow ILI formation, the 473 cells were washed and re-incubated in fresh medium without lipoprotein but in the 474 absence or presence of either THL or MmPPOX for an additional 24 h. The morphological 475 appearance of the M. bovis BCG profiles was observed under the EM (Fig 5) . In the 476 absence of a lipase inhibitor, ILI +3 profiles were seldom encountered (Fig. 5A) . In contrast, 477 many ILI +3 profiles were encountered during a chase in presence of either THL (Fig. 5B ) 478 or MmPPOX (Fig. 5C ). Scoring of the relative amount of each category of ILI profiles in 479 each condition showed, as before (7), that the percentage of ILI +3 profiles was reduced 480 by 90% when cells were chased in medium without inhibitors (Fig. 5D ). In contrast, when 481 the chase medium contained either THL or MmPPOX approximately 80 to 90% of the 482 ILI +3 profiles were retained (Fig. 5D ). The fact that at 24 h the relative abundance of ILI +3 483 was 5 times higher in the presence of THL or MmPPOx (21% ± 0.6 and 23% ± 0.8, 484 respectively) than in the absence of lipase inhibitors (3.6% ± 0.8) indicates that ILI 485 consumption is indeed dependent on mycobacterial lipase activity. These results are in 486 agreement with previous studies showing that hydrolysis of mycobacterial ILI is 487 22 associated with the decrease of LB in the host (7) and the presence of a (several) 488 mycobacterial lipase(s) (13, 32), and more particularly LipY (11, 21, 22) . In previous work, VLDL was used as a source of lipids to generate FM (7) since it is 492 well known that such cells play a major role in the persistence and reactivation phases of 493 TB within granulomas (5, 6, 11, 53) . Quantitative analyses of detailed EM observations 494 performed after exposure of M. avium-infected cells to VLDL had shown that 495 macrophages became foamy and mycobacteria formed large ILI for which host TAG was VLDL in presence of MmPPOX, blocked weakly the host lipases in the lysosomes and 516 consequently did not profoundly affect the formation of LB, but mycobacteria still 517 remained unable to form ILI. Our results suggest that the effect of this inhibitor is more 518 specifically directed against mycobacterial lipases. The fact that these two families of 519 inhibitors target lipases located at different sites could be directly related to their chemical 520 structures and biophysical properties. In contrast to MmPPOX, THL is indeed a highly 521 lipophilic molecule with physico-chemical properties similar to those of a diacylglycerol 522 molecule which makes it soluble in VLDL. By using these two different families of lipase 523 inhibitors, we can study either the host lipases or the mycobacterial lipases. We, 524 therefore, provide strong evidence that ILI formation i) involves both host lysosomal and 525 mycobacterial lipases, and ii) is strictly dependent on host LB in our experimental model.
526
In Dictyostelium discoideum, Mycobacterium marinum, was found to produce ILI without 527 using TAG as the major carbon source (54, 55) . Indeed, the use of a Dictyostelium 528 knockout mutant for both Dgat enzymes (dgat1 and dgat2 genes), which is unable to 529 produce LB, allowed the authors to demonstrate that a resulting excess of free fatty acids Among the large number of lipolytic enzymes encoded by the M. tuberculosis 540 genome, LipY remains the only one carrying an N-terminal PE domain, which was 541 subsequently found to be a signal of recognition by the ESX-5 secretion system (18, 26) .
542
Herein, we investigated whether the PE domain may directly participate in the enzyme's 543 TAG activity. Our results are in agreement with a previous study demonstrating that LipY 544 is the enzyme with the highest potential for hydrolyzing TAG stored inside M. tuberculosis 545 (21). The authors extend our earlier report suggesting that the PE domain plays a role in 
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This is consistent with the fact that, in contrast to LipY which is secreted, LipY(ΔPE) fails 573 to be transported by ESX-5 and, as a consequence, its accumulation inside mycobacteria 574 boosts ILI degradation (22, 25) .
575
In a previous study (7), we had shown that removal of VLDL, induced a rapid 576 decline of both LB and ILI. Here, we show that exposure of infected cells to lipase 577 inhibitors, added during the chase period following an exposure to VLDL, strongly affects 578 TAG hydrolysis within ILI, which remain abundant and large. These results provide 579 evidence that cytosolic LipY is also involved in ILI consumption.
580
Our data also indicate that the dual localization of LipY impacts on its activity. Since 581 the PE-containing domain is cleaved off by the ESX-5 secretion system (18), our results 582 suggest that the mycobacterial surface-anchored form of LipY is more active than the 583 intracytosolic full-length protein. From these results, it can be inferred that LipY is more 584 active against host lipids targeted to phagosomes via LB-phagosome fusion than towards 585 TAG stored within ILI. Indeed, as illustrated in (Fig. 6) , while a fraction of LipY is found in 586 the cytosol, consistent with its role in the catabolism of intracellular TAG in ILI, a 587 significant fraction of mature LipY lacking its PE domain is also localized at the outer 
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The PE domain of LipY functions as a secretion signal recognized by the ESX-5 secretion 
